Intracellular Ca 2+ control and the electrophysiological properties of guinea-pig urothelium were measured during interventions encountered during bladder filling, including cell stretch and exposure to exogenous transmitters such as ATP and muscarinic agonists. Stretch, achieved by exposure to solutions of altered osmolality, generated intracellular Ca 2+ -transients that were attenuated by Gd 3+ in isolated cells. However ATP-induced intracellular Ca 2+ -transients were unaffected by Gd 3+ but blocked by thapsigargin. ATPdependent Ca 2+ -transients were followed by a large inward current at a holding potential of -60 mV. Carbachol was without significant effect, except for a small slowing of the rate of spontaneous intracellular Ca 2+ -transients that were recorded in about one-third of cells.
Introduction
Stretch of the urothelium that lines the bladder wall, as occurs during bladder filling, releases ATP and acetylcholine from the baso-lateral (serosal) surface and is hypothesised as the initial stage in sensations of bladder filling [1, 2] . There is increased ATP release in tissue from bladders with pathologies associated with overactivity [3] , which is normalised in such bladders treated with botulinum toxin [4] . ATP may even exert a positive feedback control over its own release, demonstrated in cultured urothelial cells [3] . Moreover, it is widely accepted that antimuscarinic agents act during the filling, rather than the emptying, phase of the micturition cycle [5] , but it is not known if muscarinic agonists modulate this transmitter release or other physiological properties of the urothelium.
A more detailed characterisation of transmitter release is hampered by a lack of knowledge of the intracellular pathways in urothelial cells that may mediate such release and how the transmitters themselves exert autocrine control. A range of receptors to potential transmitters, including those to purinergic and muscarinic ligands, have been labelled on urothelial cells [6] [7] [8] , but their functional significance has not been identified. In particular, it remains controversial if transmitter release is dependent on changes to the intracellular [Ca 2+ ] [9,10] and it is also unclear if any of the potential stimulators of release can elicit such changes.
The aim of this study was to characterise the actions of interventions that physically stress urothelial cells as well as urothelial transmitters on the urothelium itself. In particular their ability to alter intracellular Ca 2+ signalling and the electrophysiological properties of the urothelium were investigated, to gain insight into their potential mode of action.
Methods
Animals and experimental preparations. Guinea-pigs (Dunkin-Hartley, 350-500 g) were killed by cervical dislocation in compliance with the UK Animals (Scientific Procedures) Act 1986, the urinary bladder removed and placed in a nominally Ca 2+ -free solution. The mucosa (urothelium and suburothelium) was separated from the detrusor layer by blunt dissection, minimising touch of the mucosa. The mucosa sheets were used either for Ussing chamber experiments (below) or dissociated into isolated cells for intracellular Ca 2+ recording [11] . Briefly, the urothelium sheet was incubated in an enzyme-containing HEPES-buffered Ca 2+ -free solution at room temperature for 10 minutes, cut into small pieces and then gently stirred at 37°C for a further 10 minutes. After incubation the enzyme solution was discarded by centrifugation (700g) and the cell pellet resuspended in HEPES-buffered Ca 2+ -free solution and stored at 4°C for use on the same day. A drop of cell-containing solution was placed in a superfusion chamber on the stage of an inverted microscope. Spherical cells were chosen rather than spindle-shaped or oval-shaped cells, presumed to be suburothelial cells. Spherical cells with a diameter >35 µm were also avoided, except when specified below, and had the appearance of umbrella cells; smaller cells (<20 µm) were used for experiments.
Solutions. Nominally Ca 2+ -free, HEPES-buffered solution contained (mM): NaCl, 132; KCl, 4.0; MgCl2, 1.0; NaH2PO4, 0.4; HEPES, 10; glucose 6.1; Na pyruvate, 5.0, pH 7.4. Enzymes added for dissociation were: collagenase type-1 (1.0mg/ml Worthington Biochemical Corp, Lakewood, NJ, USA); hyaluronidase type I-S (0.25mg/ml) and type III (0.25mg/ml), trypsin inhibitor type-II-S (0.45mg/ml) and BSA (2.5mg/ml). During experiments, cells were superfused at 37°C with Tyrode's solution (mM): NaCl, 118; KCl, 4.0; NaHCO3, 24; NaH2PO4, 5 0.4; MgCl2, 1.0; CaCl2, 1.8; glucose, 6.1; Na pyruvate, 5.0; gassed with 5% CO2-95% O2, pH 7.4. Low-osmolality solution was made by removing 88 mmol.l -1 NaCl from the superfusate for a final [Na]=59 mM; isosmolar, low-Na solution was made by equimolar replacement of the NaCl from Tyrode's solution with Tris-Cl. High osmolality solutions ([Na]=280 mM)
were made by addition of 133 mM TrisCl to the normal Tyrode's solution or the isosmolar, low-Na solution. Na2ATP, carbachol, Na2UTP, thapsigargin and GdCl3 were stored as aqueous stock solutions at least 1000-times more concentrated that used in experiments, except when Na2ATP, carbachol and mannitol were used at concentrations ≥500 µM when they were added directly to Tyrode's solution. All chemicals were from Sigma Co except otherwise indicated. Action of low-Na, low osmolality solutions, effects of Gd 3+ and thapsigargin. The low osmolality, low-Na solution generated cell swelling (cell diameter 113±7% control) and The Na-sensitivity was tested to demonstrate the preparation viability and Table 1 shows that decreasing the [Na] in the serosal bath to 29 mM increased both the TEP and SCC, whilst raising it to 280 mM had the opposite effect. ATP or carbachol added to the serosal chamber in the range 1-100 µM had little effect on TEP or SCC; however, higher ATP concentrations (0.5-1.0 mM) increased TEP and SCC. Conversely, carbachol at concentrations ranging from 1 µM to as high as 3 mM had no significant effect on TEP or SCC. Because of the high concentrations of agonists that were sometimes added 3mM mannitol was added to the serosal side as an osmotic control but also had no significant effect on TEP or SCC. Low-osmolality solutions have been used by many groups to cause cell swelling [12] and was also the case in these urothelial cells. However, the cellular pathways that mediate the rise of [Ca 2+ ]i were different: Gd 3+ attenuated the responses due to low-osmolality solutions, whereas thapsigargin reduced the ATP-induced responses. Gd 3+ are believed to block cation influx through stretch-activated membrane channels in many cell types, including epithelium and smooth muscle [13, 14] , and the ability of low-osmolality solutions to generate a large rise of [Ca 2+ ]i indicates the importance of the mechanism in these cells. Some experiments with a high-osmolality solution also generated significant Ca 2+ -transients, supporting the hypothesis that changes to cell membrane stress underlay Ca 2+ influx to generate the transient.
Measurement of intracellular Ca
Several lines of evidence suggest that ATP generates Ca-transients through a P2Y, rather than a P2X-dependent mechanism: the lack of influence of Gd 3+ or Ca-free solutions on these Ca-transients; their attenuation by thapsigargin, an agent that blocks Ca 2+ uptake into intracellular Ca-stores [15] [11] . This differentiation of hypoosmotic and ATP-induced pathways contrasts to other cells types where both interventions act through an IP3-dependent mechanism [16] [17] [18] .
Stretch of urothelial sheets has been shown to increase not only serosal ATP release but also alter transepithelial potential (TEP) and short-circuit current (SCC) and it may be that these two phenomena are linked. These experiments showed that ATP had a similar action on TEP and SCC, and others have also demonstrated an ATP-dependent increase of ATP release [3] . It may thus be postulated that a rise of intracellular [Ca 2+ ]i in urothelial cells mediates ATP-release which could underlie the autocrine effect of this transmitter.
In these experiments the muscarinic agonist carbachol generated significant, but only very small increases of [Ca 2+ ]i in these cells. This is in contrast to reports from cultured rat and human urothelial cells where more substantial Ca-transients were recorded [8, 19] .
However, it should be noted that in one of the reports [8] no muscarinic agonist responses were recorded in about 50% of cells. It is not possible to reconcile these opposing findings, 13 except that cell culture may have altered the profile of functional receptors or that a subset of cells was preferentially chosen for these experiments that was not reflected in the cell profile that were viable in culture. Furthermore, in our experiments carbachol exerted no effect on the electrophysiological properties (TEP and SCC) of urothelial sheets, suggesting it did not regulate ion transport in this preparation. [11] . Carbachol had a small decelerating influence on the transients and in several cells disappeared in the presence of the agonist, however it remains to be determined if this was a coincidence or a true effect and such Ca-transients rarely reappeared after carbachol removal. However, the presence of such Ca-transients will increase the average [Ca 2+ ] and thus upregulate any Ca 2+ -dependent cellular activity. ] in response to solutions of low-osmolality, low-Na; normal osmolality, low-Na; hyperosmolality, normal-Na; *p<0.05 low osmolality low-Na vs isosmolarity, low-Na 
